This study was conducted to establish a new method of avian transgenesis by intracytoplasmic sperm injection (ICSI). First, we evaluated the fertilization ability of quail oocytes after microinjection of Triton X-100 (TX-100)-treated quail sperm with PLCZ cRNA. The quail oocytes were cultured for 24 h, and blastoderm development was examined by histological observation. The TX-100 treatment induced damage to the quail sperm membrane and interfered with fertilization of oocytes injected with sperm. On the other hand, when quail oocytes were injected with TX-100-treated sperm and PLCZ cRNA simultaneously, 43.5% (10/23) of the oocytes developed into blastoderms. This rate of development was comparable to that for oocytes injected with sperm without TX-100 treatment but with PLCZ cRNA (6 [42.9%] of 14). Second, we evaluated the rate of transduction of the enhanced green fluorescent protein (EGFP) gene in quail oocytes injected with TX-100-treated sperm and PLCZ cRNA. The EGFP expression was assessed by histological observation of fluorescence emission in the embryos. The intracytoplasmic injection of sperm without TX-100 treatment but with PLCZ cRNA and EGFP vector induced blastoderm development in 40% (4/10) of the oocytes, but those oocytes showed no fluorescence emission. In contrast, the intracytoplasmic injection of TX-100-treated sperm and PLCZ cRNA induced blastoderm development in 43.8% (7/16) of the oocytes, and, importantly, 85.7% (6/7) of oocytes showed fluorescence emission. In addition, PCR analysis detected GFP fragments in 50% (3/6) of GFP-expressing blastoderms. These results indicate that this ICSI method with additional treatments described herein may be the first step toward the production of transgenic birds.
INTRODUCTION
Although animal biotechnology has contributed extensively to mass production of recombinant proteins in milk, blood, urine, seminal plasma, and silkworm cocoons and research on xenotransplantation [1, 2] , progress in transgenesis in birds has been hampered because of the low efficiency of the transgenic system. Because domestic birds have the potential for efficient protein production from the oviduct into an egg, this physiological characteristic can be applied to avian biotechnology, which may become an important tool in studies of developmental biology and an efficient bioreactor producing valuable pharmaceutical proteins in eggs.
Various attempts have been made to introduce exogenous genes into birds by direct injection of DNA [3] [4] [5] [6] , chimeric methods [7] [8] [9] [10] , and viral infection [11] [12] [13] [14] [15] [16] . Although the viral infection method is meritorious because of its relatively high efficiency for incorporation of the transgene, it may be risky to introduce a potentially hazardous viral infection [17, 18] . In this respect, nonviral methods for DNA transfer into birds are preferred by some workers. A direct injection method was performed by injecting DNA into the germinal disc of the fertilized oocyte at the single-cell stage [3] [4] [5] [6] . Because of the opaque cytoplasm of the egg yolk, injection into the male or female pronucleus is difficult [19] [20] [21] . Furthermore, the injected DNA was expressed in developing embryos, but it was gradually lost during embryonic development [5] , or it was occasionally detected in blood cells or spermatozoa of adult chickens [4] . These studies have not confirmed integration of the injected DNA into the chromosomes, but some studies demonstrated integration of the injected DNA into the host chromosomes [3, 6] . As an alternative method, production of chimeras using blastodermal cells [7] , primordial germ cells (PGCs) [8, 9] , or embryonic stem cells has been employed [10] , and it has been well developed during the last decades. Recently, germline chimera production using PGCs has been the most popular system to generate transgenic birds, but the efficiency of gene transduction is highly variable (,1% to 86%) [10] .
In mammals, intracytoplasmic sperm injection (ICSI) has been applied successfully for transgenesis [22, 23] . It is known that this sperm-DNA complex can be injected into mature metaphase II oocytes under the microscope to allow the transgene to be incorporated into the genome of the zygote via the DNA repair mechanism [23] . The greatest advantage of this method is its relatively high efficiency for microinjecting very large DNA fragments into the host genome [24] . Although the ICSI-mediated gene transfer method has been used widely in mammals [22, [24] [25] [26] [27] [28] [29] [30] , no study on this subject has been reported for birds. To this end, we have established the ICSI technique in quail by demonstrating that quail oocytes injected with a single sperm of quail or chicken are able to be fertilized and subsequently develop to the blastoderm stage [31, 32] . Although the rate of blastodermal development for 24-h culture has been 15% until recently, we were successful in doubling the rate by coinjection of quail phospholipase Cf (PLCZ) cRNA with a single sperm into quail oocytes [33, 34] . PLCZ is now suggested as a sperm factor for oocyte activation in mammals as well as birds. Furthermore, extending the period of culture of quail embryos up to 72 h after ICSI with PLCZ cRNA resulted in the embryo developing to stage VI [33] . At this stage, a definite fold of the blastoderm anterior to the notochord marks the anterior end of the embryo proper, and occasionally the first pair of somites appeared.
This improvement prompted us to establish the ICSIassisted DNA transfer into quail oocytes. The rate of improvement is very critical, especially in quail, because only one oocyte is available from a quail where an induction of multiovulations is unsuccessful, unlike in mice [35] . In the current study, we induced damage to the plasma membrane of quail sperm with Triton X-100 (TX-100) because this treatment produces high efficiency for ICSI-mediated transgenesis in mice [22, 30] . Thus, the aim of the present study was to evaluate effects of pretreatment of sperm with TX-100 on the fertilizing ability of quail oocytes and to establish a novel method of transgenesis by evaluating expression of the enhanced green fluorescent protein (EGFP) gene mediated by the ICSI method in quail embryos.
MATERIALS AND METHODS

Animal and Oocyte Collection
Male and female Japanese quail (Coturnix japonica) were raised as described by Mizushima and colleagues [32] [33] [34] 36] . All female quail were used at the age of 9 to 19 wk for the experiment, and ova were recovered from the infundibulum or the upper magnum of a laying quail. A total of 200 female quail were used in this study. All procedures for the use and the care of animals were conducted after approval by the Institutional Animal Care and Use Committee of Nagoya University.
Sperm Collection and Preparation of Sperm Carrying a GFP Gene
The plasmid construct pCX-EGFP [37] was used for gene introduction. The construct contains a jellyfish aequorea victoria EGFP under the control of a chicken b-actin gene promoter and cytomegalovirus enhancer. The plasmid was linearized by digestion with SalI restriction enzyme.
Ejaculated sperm were collected in nuclear isolation medium (NIM) [38] as described by Mizushima et al. [33, 36] and were subjected to TX-100 extraction. Fifty microliters of either 0.5% (v/v in NIM) TX-100 or the solvent was added to 450 ll of sperm suspension in NIM. Sperm were pelleted by centrifugation for 1 min at 20 000 3 g at 28C, were thoroughly washed in 1 ml of ice-cold NIM, and were repelleted in NIM. Finally, sperm were adjusted to 2 3 10 5 sperm/ml in NIM. A portion of the sperm was used for ICSI. One microliter of the DNA fragment was mixed with 9 ll of sperm suspension by pipetting, to a final DNA fragment concentration of 7 lg/ll, and was incubated for 1 min on ice. Then, the DNA-sperm mixture was mixed with 12% polyvinylpyrrolidone.
Assessment of Sperm Cell Membrane Disruption
Samples were double stained with SYBR and propidium iodide (PI) according to the manufacturer's instruction for the LIVE/DEAD sperm viability kit (Molecular Probes, Carlsbad, CA). After staining, samples were smeared on poly-L-lysine-coated microscope slides and examined under a fluorescence microscope equipped with an interference-contrast apparatus (TE 2000U; Nikon Instech, Kanagawa, Japan). At least seven areas of 0.785 mm 2 were Synthesis of Quail PLCZ cRNA, Microinjection of a Sperm Carrying the GFP Gene into Quail Oocyte, and Oocyte Culture A total of 60 lg/ml quail PLCZ cRNA was injected into each quail oocyte at the time of ICSI to promote embryo development [33, 35] . Synthesis of quail PLCZ cRNA and microinjection procedures were those described by Mizushima et al. [33] .
Observation of GFP Gene Expression and Embryo Development
GFP gene expression in blastoderms after 24 h of culture was observed under a fluorescent stereomicroscope (SZX 12; Olympus, Tokyo, Japan). The stages of blastodermal and embryonic development were classified according to Eyal-Giladi and Kochav [39] under a stereomicroscope (SZ12). To screen for true development of embryos with many nuclei [40] , blastoderms were stained with 4,6-diamidino-2-phenylindole (DAPI), a DNA-specific dye, as a whole mount as described by Waddington et al. [41] .
Identification of GFP Gene Incorporated into Quail Blastoderm Genome
Assessment of EGFP transgene in the host genomic DNA was performed using PCR analysis. Genomic DNA was extracted from EGFP-expressing blastoderms stained with DAPI as described by Kansaku et al. [42] after washing and homogenization in saline solution (0.9% NaCl). The DNA was subjected to PCR analysis for detection of the GFP gene as described by Perry et al. [22] . For a control, ribosomal protein S17 gene was examined by PCR using the forward primer 5 0 -GGC GCG GGT GAT CAT CGA GAA-3 0 and the reverse primer 5 0 -GAG AGC GCC TCG TGG TGT TT-3 0 .
Statistics
All of the percentage data of sperm with an intact cell membrane compared with those with a damaged cell membrane after TX-100 treatment were transformed to the logarithm, and a comparison of the group mean difference was analyzed by the Student t-test using the software InStat (GraphPad Software, San Diego, CA). Viability of the blastoderms was judged by the presence of multinuclei, and the data were analyzed by the Fisher exact probability test. Differences were considered statistically significant at P , 0.05. Figure 1A shows an example of the sperm treated with TX-100 or the solvent. When sperm were treated without TX-100, intense green fluorescence was detected in the sperm head (Fig.  1Aa) , indicating no or almost no membrane damage. On the other hand, for sperm treated with TX-100, red fluorescence was detected at the sperm head (Fig. 1Ab) , indicating that the sperm membrane was damaged. The percentage of sperm with an intact cell membrane relative to those with a damaged cell membrane is summarized in Figure 1B . When sperm were treated with the solvent, 92.5% of sperm had an intact cell membrane. In contrast, when sperm were treated with TX-100, only 11.7% of sperm had intact membranes.
RESULTS
Effect of TX-100 on Disruption of Sperm Cell Membrane
Effect of TX-100 Sperm Treatment on Embryo Development after ICSI
To assess the fertilizing ability of TX-100-treated quail sperm, a TX-100-treated sperm was injected into a quail oocyte and was subsequently cultured for 24 h, but no oocytes developed to blastodermal stages. Therefore, the next experiment was conducted to evaluate whether or not microinjection of TX-100-treated sperm together with PLCZ cRNA induced blastoderm development. Figure 2 , A and B, shows examples of blastoderm stage VI at 24 h after coinjection of TX-100-treated sperm and PLCZ cRNA as observed under a stereomicroscope and after DAPI staining, respectively. Numerous nuclei were observed in the blastoderm, indicating active cell division (Fig. 2B) . The results are summarized in Table 1 . When a single sperm without TX-100 pretreatment was injected into oocytes, 6 (42.9%) of 14 oocytes showed blastoderm development ranging from stages IV to VI, and when a single sperm treated with TX-100 was used, 10 (43.5%) of 23 oocytes showed blastoderm development ranging from stages III to VI after 24 h of culture. There was no statistical difference between these groups in the rate of blastoderm development. Figure 3 , A, B, and C, shows examples of blastoderm development at stage IV at 24 h after multiple injections of EGFP vector, a TX-100-treated sperm, and PLCZ cRNA under a stereomicroscope, under a fluorescent stereomicroscope, and after DAPI staining, respectively. Emission of green fluorescent light was detected in numerous blastomeres (Fig. 3B) . And numerous nuclei were observed in same blastoderm (Fig. 3C) . All of the results are summarized in Table 2 . When oocytes were injected with a single sperm incubated with EGFP without TX-100 pretreatment, 4 (40%) of 10 oocytes showed blastoderm development between stages IV and VI, but none of them expressed the fluorescent green protein. In contrast, when oocytes were injected with a single sperm incubated with EGFP with TX-100 pretreatment, 7 (43.8%) of 16 oocytes showed blastoderm development between stages III and VI, and six of those seven blastoderms expressed the fluorescent green protein. Figure 4 shows the PCR result of EGFP fragments obtained from EGFP-expressing blastoderms, and the bands of EGFP at the expected size (about 730 bp) were found in the DNA of three of six quail blastoderms.
Evaluation of ICSI-Produced EGFP-Expressing Embryos
DISCUSSION
The present study clearly demonstrated that an exogenous gene, GFP, introduced using the ICSI method, was expressed in developing quail embryos. Interestingly, injection of TX-100-treated sperm together with PLCZ cRNA induced GFP expression in quail embryos, but none of the fresh sperm induced GFP expression, although no difference was observed in the developmental rate between the two groups. It is known that the high permeability of sperm membranes after TX-100 treatment increases the amount of DNA binding to mouse and pig sperm [22, 30] . Like in mammals, TX-100 treatment certainly damaged the membrane of quail sperm, as shown in Figure 1 . Accordingly, these results indicate that disruption of quail sperm membrane prior to incubation of sperm with an exogenous gene and before coinjection of PLCZ cRNA results in high concentrations of the transgene in the oocytes. In addition, it should be noted that PLCZ is highly effective in assisting the fertilizability of TX-100-treated sperm, which are not otherwise capable of activating the oocyte for fertilization and subsequent blastoderm development. Taken together, disruption of the sperm membrane before ICSI as well as introduction of PLCZ in relation to fertilization is an essential step to produce EGFP-expressing quail embryos by ICSI.
The rate of ICSI-mediated GFP expression in quail blastoderms in the current study was 37.5% (6/16), which is comparable to or higher than that obtained by direct injection of b-galactosidase into fertilized, single-cell quail oocytes 24 h after injection (22%; 5/23) [5] . Furthermore, Love et al. [3] and Sherman et al. [6] demonstrated in chickens that integration of the injected DNA into the host chromosomes was observed in 6% of embryos that survived for at least 12 days, and that the integration efficiency was enhanced up to 27% by the Drosophila transposable element mariner. Although the integration of the GFP gene is not demonstrated in the current study, the high rate of GFP expression in quail blastoderms (85.7%; 6/7) may suggest that it appears to be a novel method for efficient transgenesis in birds. However, the current procedure is still an integral part of the whole process toward avian transgenesis. For ICSI to work in birds for transgenesis as it does in mammals, we must overcome two potential barriers: 1) the embryos must develop beyond the blastodermal stages, possibly to hatching, and 2) it is necessary to demonstrate integration of the DNA. Because of a paucity of the blastodermal tissue left after PCR assay in this study, we were unable to perform Southern blot analysis to show integration of DNA. However, we have demonstrated ICSIassisted embryo development up to stage VI [33] , and further development can be extended up to hatching. Complete analysis of DNA integration can be done in future studies.
More recently, artificial insemination of restriction enzymetreated and lipofected sperm with GFP vector into hens induced high expression of a GFP gene in white blood cells of the offspring in chickens [43] . This observation and the results of the current study suggest that ICSI-assisted gene transfer using sperm as DNA carriers can be developed into a viable technique for avian transgenesis.
